The crystal structure of tobacco PR-5d, an antifungal thaumatin-like protein isolated from cultured tobacco cells, was determined at the resolution of 1.8 A Ê . The structure consists of 208 amino acid residues and 89 water molecules with a crystallographic R-factor of 0.169. The model has good stereochemistry, with respective root-mean-square deviations from the ideal values for bond and angle distances of 0.007 A Ê and 1.542
Introduction
Pathogenesis-related (PR) proteins are plant defense proteins ubiquitous in monocots and dicots. PR proteins, ®rst described on the basis of their accumulation in tobacco leaves infected with TMV, are now grouped into 11 families (van Loon et al., 1994) . A defensive role for these proteins in plant systems is suggested by their expression, which is strongly induced on infection by pathogens, and by their antifungal activity in vitro and in vivo (Mauch et al., 1988; Vigers et al., 1990; Woloshuk et al., 1991; Liu et al., 1994; Niderman et al., 1995) . The antifungal activity of PR proteins has been shown by in vitro bioassays or the overexpression of these proteins in transgenic plants; therefore, they should be good resource material for the molecular breeding of pathogen-resistant plants. The mechanisms of the PR proteins in many of the families, however, have yet to be clari®ed at the molecular level.
The family of 5 PR-proteins (PR-5) constitutes a group of unique proteins with diverse functions, including antifungal activity Vigers et al., 1990 Vigers et al., , 1992 Woloshuk et al., 1991; Liu et al., 1994; Koiwa et al., 1997) , sweet taste ( Van del Wel, 1972) , and antifreeze activity (Hon et al., 1995) . Due to the remarkable homology between PR-5 proteins and thaumatin, a sweet-taste protein that accumulates in the fruit of Thaumatococcus danielii plants, members of this family are referred to as thaumatin-like proteins. Four PR-5 protein isoforms (PR-5a to PR5d) isolated from tobacco tissues accumulate differently in the extracellular space or vacuole of plant cells (Van Loon, 1976; Singh et al., 1987; Koiwa et al., 1994) . Several seed proteins also have been classi®ed in the PR-5 family (Vigers et al., 1990) . Bioassay results showed that the ef®cacy of PR-5 proteins depends on the combination of isoforms and fungal species, suggesting there is target speci®city between PR-5 proteins and the target microbe organisms (Vigers et al., 1992; Yun et al., 1997) . Curiously, only negative results have been published on the antifungal activity of thaumatin, even against Candida albicans which is sensitive to all the PR-5 proteins tested (Malehorn et al., 1994; Koiwa et al., 1997) .
A PR-5 protein (zeamatin) permeabilizes the plasma membrane of target microorganisms by pore-forming activity . One study indicated that¯ax PR-5 protein causes permeabilization of the liposome membrane (Anzlovar et al., 1998) , but the ®nding that the membrane permeabilization ability of zeamatin is similar at room temperature and 4 C reduces the likelihood that zeamatin is simply inserted into the fungal membrane to form pores, because immobility of the membrane lipid at low temperatures prevents the uptake of pore-forming compounds by the membrane. Moreover, we have reported that the activity of tobacco PR-5d is not attenuated by osmotically stabilizing the level of mannitol that would protect cells from the osmotic imbalance induced by pore formation, rather it is markedly reduced by the inosmotic salt level (Koiwa et al., 1997) . PR-5, therefore, may interact with other components that facilitate its uptake, or it may modulate osmoregulators causing a rapid in¯ux of water leading to hyphal rupture (Batalia et al., 1996) . In contrast, the ®nding that spheroplasts of Saccharomyces cerevisiae are susceptible to PR5c but not to the other isoforms, suggests a speci®c target on the plasma membrane (Yun et al., 1997) . The fact that the Arabidopsis receptor kinase PR-5 K has a receptor domain homologous to that of PR-5 (Wang et al., 1996) indicates that PR-5 has the ability to interact speci®cally with ligand molecules, perhaps those of a pathogen. The mechanism of membrane permeabilization or interaction with fungal receptors is, however, still not clear.
Three-dimensional structure analysis allows us to make a detailed comparison of antifungal and non-antifungal PR-5 proteins in order to determine their biological functions, and it provides a platform for a systematic mutagenesis strategy. The crystal structure of thaumatin was determined at 3 A Ê and subsequently re®ned to 1.65 A Ê resolution (de Vos et al., 1985; Ogata et al., 1992) . The structures of the other isoforms, thaumatin A and B and recombinant thaumatin, have also been determined (Ko et al., 1994) . These high-resolution crystal structures of thaumatin, together with the overall sequence homology of the PR-5 proteins, led to the prediction that the folding of the antifungal PR-5 proteins would be very similar to that of thaumatin. The distinct differences between the functions of thaumatin and the PR-5 proteins, therefore, derive from the local molecular shape and surface properties of individual molecules, and are dif®cult to analyze without a precise determination and comparison of individual PR-5 protein structures.
The lack of information on the target molecules of PR-5 proteins further emphasizes the importance of the three-dimensional structure. The recently reported crystal structure of zeamatin at 2.5 A Ê resolution provided partial information (Batalia et al., 1996) and showed that its folding is similar to that of thaumatin. A comparison of the two structures suggested that the difference in the electrostatic charge of the molecular surface explains their functional differences, but it is not clear whether the difference is truly ubiquitous among the antifungal PR-5 proteins. This hypothesis, therefore, should be tested by analyzing the other PR-5 protein structures at higher resolutions.
Here, we report the crystal structure of the tobacco osmotin-like protein PR-5d at 1.8 A Ê resolution. To investigate the antifungal function of PR-5 family proteins based on their three-dimensional structures, we focused on features that are present in the antifungal isoforms (PR-5d and zeamatin), and not in the non-antifungal isoform (thaumatin).
Comparisons of the three-dimensional structures and amino acid sequences show a common structural feature in the antifungal PR-5s: an acidic cleft that may participate in the recognition of the target molecule(s) for the antifungal mechanism of these proteins.
Results

Quality of the model
The structure of PR-5d was clari®ed by molecular replacement (MR) using the model of thaumatin. Interpretation of the electron density map was straightforward, and the atomic model was re®ned to a resolution of 1.8 A Ê , with a ®nal R-factor of 16.9 % and good stereochemistry ( Figure 1 ). The crystal belongs to the space group C2 and includes four PR-5d monomers in single unit cells that are in contact each with other via hydrophobic residues. The coordinate starts at Ser1 and ends at Gly208 with no invisible residues. The lack of N and C-terminal peptides encoded by the cDNA con®rmed previous ®nd-ings that those peptides function as targeting signals to transport PR-5d to the plant vacuole (Sato et al., 1995) . The overall information from the data collection and re®ned model are given in Table 1 .
PR-5d architecture
Like the homologous proteins, thaumatin and zeamatin, PR-5d is monomeric and has three domains. Figure 2 , which gives the C a trace of three PR-5 superimposed proteins, shows that their main-chain geometries are very similar. Domain I of PR-5d consists of a ten-stranded b-sheet structure that forms the compact core of the molecule. Domain II consists of a set of large disul®de-rich loops exposed on the molecular surface of the protein. The folding of domain II results in a highly strained conformation of f-c angles for each amino acid residue in the domain, in particular the disul®de-forming cysteine residues. Of the 16 cysteine residues, eight are in this region, and they form four disul®de bonds. Together with domain I, domain II forms a large cleft region on the protein surface. Domain III consists of a small loop of 32 residues with two disul®de bonds between Thr52 and Thr82. The mean B-factor is highest in domain II and lowest in the b-strand region of domain I. Two cis-proline residues, Pro20 and Pro80, are present in the molecule. Pro20 is located in the area corresponding to the loop region between the Asp21 and Ala26 of thaumatin (thaumatin loop), and probably contributes to the formation of a sharp hairpin loop which is absent in the thaumatin molecule due to a ®ve amino acid residue inser- Figure 1 . Stereo view of a portion of the electron density map calculated using (2F o -F c ) coef®cients and the calculated phases superimposed on the re®ned atomic coordinates. Electron density is contoured at 1.0s. Crystal Structure of Tobacco PR-5d Protein tion in the loop structure. Note that the non-sweet thaumatin-like protein lacks the thaumatin loop sequence (Figure 3 ) that is exposed on the molecular surface (Figure 2 ) and speculated to be responsible for the sweetness of thaumatin (Sloostra et al., 1995) .
Common structural motif of the antifungal thaumatin-like proteins
Ionic interaction in the antifungal activity of PR-5d is important because the protein is inactive in the presence of salt (Koiwa et al., 1997) . Results Figure 3 . Multiple sequence alignment of Nicotiana tabacum PR-5d (PR5d), Zea mays zeamatin (ZEAM), Thaumatococcus danielii thaumatin A (THAU), Nicotiana tabacum PR-5c (PR5c), Solanum lycopersicon NP24, Nicotiana tabacum PR-5a (PR5a), Arabidopsis thaliana thaumatin-like protein (ATPR), Arabidopsis thaliana PR-5 K receptor kinase (PR5 K) and Oryza sativa thaumatin-like protein (OSPR) based on the secondary structures of three isoforms. The conserved residues are boxed. The two loop domains (domain II, blue; domain III, pink) are underlined. Residues forming the acidic cleft (orange), those corresponding to Phe91 and Phe96 (yellow), and those which affect the sweet taste of thaumatin (green) are shadowed. The arrowhead indicates the position of the nick in the active zeamatin-like protein.
of the analysis of the electropolarity of the solventaccessible surface of PR-5d indicated that most of the molecular surface is positively charged, which is consistent with the biochemical behavior of PR-5d as a positively charged protein (Figure 4) . The cleft region formed between domains I and II of PR-5d, however, is highly acidic. As reported previously, zeamatin also has an acidic cleft, whereas thaumatin mainly has a basic surface in the cleft region. This is an important feature, because PR-5d and zeamatin are related to each other functionally but are distinct from thaumatin.
The shape of the acidic cleft is like a left-hand hollow in which domain I forms the palm and domain II casts the thumb. The bottom of the hollow consists of the three-stranded antiparallel b-sheet of domain I. The acidic side-chains involved in the formation of the acidic cleft are the Glu85, Asp98, Asp103 and Asp186 of PR-5d which extend from the b-sheet region into the cavity of the cleft (Figure 5(a) ). These features are shown in Figure 5 (b), together with the corresponding residues of zeamatin and thaumatin. Arg45, also located in the vicinity this region, is included in the Figure. This residue is masked by the Trp76 in PR-5d and by the Tyr75 in zeamatin and does not contribute much to the surface characteristics of these two proteins. In contrast, the corresponding basic residue, Lys49, is exposed on the surface of the thaumatin molecule, causing a shift of its surface to the more basic state. In addition to its acidic nature, the cleft region is rich in hydrophilic residues, a characteristic fairly typical of carbohydratebinding sites. These residues may form hydrogenbond interactions with the polar carbohydrate group, as has been predicted for verotoxin-1 (Lingwood et al., 1987; Stein et al., 1992) .
The membrane permeabilizing activity of¯ax PR-5 is greatly enhanced by the incorporation of sterols to the liposome membrane (Anzlovar et al., 1998) . Moreover, Woloshuk et al., (1995) reported that the more hydrophobic tobacco PR-5 was more active than the tomato isoform. On the hypothesis that the surface hydrophobicity of PR-5 proteins contributes to PR-5-fungal cell interaction, the distribution of hydrophobic residues on individual PR-5 protein surfaces was analyzed (Figure 6 ). In PR-5d and zeamatin, two phenylalanine residues, Phe91 and Phe96, form a locally hydrophobic patch at the edge of the cleft region. This may be responsible for the highly hydrophobic character of PR-5d, in particular its high af®nity for phenylSepharose (Koiwa et al., 1997) . These residues are conserved among the antifungal PR-5 proteins, but in thaumatin they are replaced by tyrosine residuess.
Comparison of the PR-5 families
The three-dimensional molecular structure based on the sequence alignment of PR-5 proteins is shown in Figure 3 . Comparison of the primary sequences of the three proteins with the known three-dimensional structures showed almost equal homologies (PR-5d: zeamatin 60 %, PR-5d: thaumatin 52 %, zeamatin:thaumatin 53 %). The ®ve amino acid residue stretch, the thaumatin loop sequence, is absent from the antifungal PR-5 proteins. The residues that form the acidic cleft are well conserved among the antifungal PR-5 proteins (PR-5a, PR-5c, NP24). Although replacement of Asp186 by Asn occurs in the receptor domain of the PR-5 K from Arabidopsis and the PR-5 from rice, the effect of this replacement may be smaller than that of Asp by Lys in thaumatin. No study of the antifungal activities of these isoforms has been reported.
The amino acid sequences of domain II vary greatly, but the folding of the domain is similar owing to the conserved disul®de bond, and its forms the complex loop structure as described above. Disul®de-rich loop domains like this, also present in many lectins and the extracellular domains of cell surface receptors, probably interact with other molecules (Drenth et al., 1980) . The excised domain II fragment of thaumatin did not taste sweet, but site-directed mutagenesis analysis mapped several residues in domain II whose mutations affect the sweetness of the protein (Figure 3 ; Kim et al., 1994) . Domain II, therefore, has been put forth as the source of the general function of this protein family. Zeamatin has one amino acid residue insertion in domain II, as compared to thaumatin, between the disul®de bond formed by Cys126 and Cys134. This region should not be critical for antifungal activity because (i) neither PR-5d nor thaumatin have this extension and (ii) zeamatin proteolytically nicked between Ala130 and Ala131 in this loop was as antifungally active as the intact protein (Malehorn et al., 1994) . Because monocots have short PR-5 proteins that lack domain II (Figure 3) , analysis of the antifungal activities of these natural-deletion variants will show the signi®cance of this domain.
Several other residues were unique to thaumatin. Replacement of the Pro38 of PR-5d by Glu42 produced a small acidic patch on the surface (Figure 4) . In domain III, replacement of Glu72 and Gly75 by arginine residues produced a basic region on the thaumatin surface. In contrast, the replacement of Val101 by Asn104 did not markedly affect the surface pro®le because it was buried inside the molecule.
Discussion
This is the ®rst report of the high-resolution crystal structure of an antifungal PR-5 protein. Of the structural features common to the antifungal PR-5 isoforms, the acidic cleft region is of particular interest, as also proposed by Batalia et al. (1996) . Although the contribution of the acidic cleft to PR-5 antifungal activity is not clear, it may be the site of interaction between PR-5 and its receptor on the plasmamembrane because it has been reported (Yun et al., 1998) that PR-5 (osmotin) activates the MAPK signal transduction pathway to defeat the cell wall-based resistance of yeast, and suggested the presence of G-protein-coupled osmotin receptor(s) on the cell surface. It may be directly involved in cell permeabilization. Further studies of the antifungal activity of acidic cleft mutants with fungal cells and spheroplasts are required to determine the signi®cance of this structure.
In contrast, the initial interaction of PR-5 with the fungal cell surface may occur between the overall cationic PR-5 and negatively charged fungal cell surface. Beezer et al. (1981) showed that the isoelectric point of the fungal cell wall is 3.5. Moreover, incorporation of a negative charge to the liposome substantially increases the membrane permeabilizing activity of¯ax PR-5 protein. The source of the negative charge in the liposome is relatively unimportant (Anzlovar et al., 1998) , indicative that this may be a non-speci®c ionic interaction. Perhaps this targets PR-5 and increases the actual PR-5 protein concentration around the fungal cells. In a solution of high ionic strength in which no targeting occurs, a high concentration of PR-5 protein would be required. Hyperaccumulation of very basic PR-5 protein isoforms under salt stress (Singh et al., 1987) may, therefore, re¯ect the defense reaction of plants to maintain a high level of antifungal activity in the cell.
Materials and Methods
X-ray data collection PR-5d puri®ed from cultured Nicotiana tabacum cv. Samsun NN cells was crystallized as described (Koiwa et al., 1997) . Crystals used for the structural determination belong to the space group C2; a 80.1 A Ê , b 63.7 A Ê , c 45.6 A Ê and b 107.2
. One PR-5d monomer is present per asymmetric unit. The X-ray source was nickel-®ltered copper Ka radiation from a rotatinganode X-ray generator (Rigaku RU-300, 40 kV, 100 mA). X-ray diffraction data at 1.6 A Ê resolution were collected at 20 C with an X-ray imaging plate system, the Rigaku R-AXIS IIc (Rigaku (Tokyo, Japan)) equipped with MSCYale Mirror optics (MSC16080). The data set was collected from the high to low resolutions of 1.6 A Ê to 49 A Ê . Data were processed with PROCESS (Sato et al., 1992) , scaled, merged and reduced. The data set was 89.2 % complete down to the spacing at 1.8 A Ê resolution with 67.2 % completeness for the highest shell.
Structure determination and refinement
After the data was reduced, rotation and a translation search were performed using the MR protocol of X-PLOR 3.1 (Bru È nger et al., 1987) on a CRAY/Y-MP 8/864. The starting thaumatin model 1THV (Ko et al., 1994) was retrieved from the Brookhaven Protein Data Bank. Prior to performing the rotation search protocol, residues 21 to 26 of the thaumatin coordinate were omitted because this sequence was unique to thaumatin in the primary sequence comparison. Similarly, residues 19, 57, 67, 79, 95, 97, 106, 120, 137, 153, 154, 163, 175, 176, 184, 187, 191 and 206 were replaced with alanine.
The diffraction data for PR-5d from 15-2.7 A Ê resolution was searched using this modi®ed thaumatin model. A cross-rotation search followed by Patterson correlation (PC) re®nement, resulted in a cluster at the peak indicative of a single set of Eularian angles. A subsequent translation search using a set of Eularian angles, which showed the highest PC function, also clearly identi®ed a solution that was 6s above the next peak. After rigid-body re®nement, the crystallographic R-factor (de®ned as AE{jF o j-jF c j}/{AEjF o j}) was 0.441. The model underwent several rounds of inspections and manual corrections at the Silicon Graphics workstation using TURBO-FRODO (Jones, 1978) aided by (2jF o j-jF c j) and (jF o j-jF c j) Fourier maps, as well as by stereochemical analyses using the program PROCHECK (Laskowski et al., 1993) followed by re®nement based on simulated annealing, energy minimization and individual B-factor optimization with the program X-PLOR. The crystallographic R-factor for the ®nal model, as re®ned against the re¯ec-tions between 10 and 1.8 A Ê resolution and including 89 water molecules, is 0.169, and R free is 0.219. The R free value was calculated using 5 % of the re¯ections, ran- Crystal Structure of Tobacco PR-5d Protein domly chosen, that were not used in re®nement (Bru È nger, 1992) . The geometry is good, with the respective r.m.s. deviation from the target values for bond lengths, bond angles and dihedrals being 0.007 A Ê , 1.538 and 25.686 (Table 1) . The mean thermal B-factors are fairly high; 22.3 A Ê 2 for the main-chain atoms and 26.2 A Ê 2 for all the atoms in the protein. The stereochemistry and geometry of the ®nal model were analyzed using the program PROCHECK. All the f/c angles are within the allowed regions of the Ramachandran plot, 87 % of them in the most favored regions.
Protein Data Bank accession numbers
Atomic coordinates of the tobacco PR-5d protein have been deposited at the Brookhaven Protein Data Bank under accession number 1auf.
